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Abstract
During summer months there is reliance on air conditioning (A/C), which is energy intensive in
nature. The mass use of A/C units during peak hours taxes the energy grid significantly as a
demand spike occurs during these peak hours. This demand spike requires an equal response in
supply which disproportionately produces greenhouse gas emissions as reserve power plants
come online to meet this demand. These reserve power plants, are relatively inefficient, and
more expensive to run than base load plants. The Coconut Oil Space Cooler utilizes the latent
thermal storage capabilities of phase change materials (PCMs) to provide a temporary alternative
cooling solution to A/C during these peak hours. By taking advantage of daily temperature
undulations, the Coconut Oil Space Cooler absorbs heat during the day, during peak hours, when
the temperature is sufficiently high to melt the phase change material. It absorbs heat from the
environment, cooling it in the process. At night when the ambient temperature falls below the
melting temperature of the phase change material, the device is operated to solidify the phase
change material by releasing the stored heat back into the surroundings. The device is best suited
toward a desert climate where day & night temperatures can vary greatly.

As the name states, the device utilizes coconut oil as the phase change material, two separate
heat exchangers, a duct fan, pumps, an Arduino microcontroller, solenoid valves, and various
hardware to achieve the cooling effect. The device is able to provide, on average, 1 ℃ cooling
effect for about 40 minutes of operation. When the Coconut Oil Space Cooler is operated for a
single hour, during peak load hours, for a month, it equates to monetary savings of $50; this is
for Bay Area utility rates. Many aspects of the product’s design had areas for improvement and
optimization: diameter vs length optimizations for the tube-in-tube heat exchanger would
optimize heat transfer rate with total thermal storage capacity. Selecting specialized phase
change materials for specific temperature conditions would further improve the efficacy of the
device. Additionally, adding fins to improve conduction within the tube-in-tube heat exchanger
would improve the heat transfer rate.
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Chapter 1: Introduction
This senior design thesis was created with the goal of finding a novel way to combat the issue of
climate change. Today’s generation of young adults will have to face the consequences of
climate change, and that reality is what drove the motivation of this project. The UN estimates
that over 20 million people every year are displaced due to extreme weather effects that are
caused in part by climate change [1]. We are already seeing climate change refugees, and the
situation will only get worse as global warming continues. By 2050, sea levels are projected to
rise a foot, and by 2100, they are projected to rise another foot [2]. Sea level rises will have
drastic effects on coastal cities and commerce, displacing even more people. Finally, in the next
twenty to fifty years, the US could experience persistent droughts that have already taken effect
in some of the western US today [3]. These are just a few of the widespread effects of climate
change, but this issue is clearly one that will reshape the whole world in one generation’s
lifetime.

1.1 Background: Climate Change
Since climate change poses those threats, it is important to understand what causes it. The main
driving force of climate change is called the greenhouse effect. When the sun radiates, it emits
visible light at the highest intensity. Solar radiation hits the Earth which emits some of it back
towards space at a longer wavelength, mostly in the infrared range. Greenhouse gasses like
carbon dioxide, methane, and common air conditioning refrigerants absorb radiation in that
infrared range. When those gas molecules receive radiation from the Earth, they heat up.
Normally, this effect allows life to exist on Earth. Without the effect, the planet would be cold
and hostile to living organisms [4]. On the other hand, too much of the effect would make the
planet too hot to support living creatures. That issue is what the planet is facing today.
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Figure 1: Historical carbon dioxide concentration in the atmosphere [5]

As Figure 1 shows, the concentration of carbon dioxide is at an all-time high, with the spike
occurring in the last century. Due to the rising concentrations of carbon dioxide, the greenhouse
effect is amplified, heating up the planet too much. That process is shown in the strong
correlation between the carbon dioxide concentration and global average temperatures. Both
have been increasing with a similar trend in the past century [6].

With the greenhouse effect in mind, one of the main objectives in combating climate change
should be to reduce greenhouse gas emissions. 84% of the world’s energy comes from fossil
fuels, which emit greenhouse gases when they are consumed. Considering that 78% of human
greenhouse gas emissions are caused by energy use, either increasing renewable energy
production or decreasing energy consumption would help reduce greenhouse gas emissions [4].
As a result, this project set out with one main goal in mind: to reduce energy consumption.

1.2 Project Objective
Residential energy use accounts for about 21% of U.S. electricity use [7], and 80% of “utilityscale U.S. electricity generation” comes from burning fossil fuels [8]. More specifically, in 2015
2

almost 25% of total household electricity use is dedicated towards home cooling [9]. This
includes the categories: air conditioning, air handlers for cooling, evaporative coolers, ceiling
fans, etc. With rising global temperatures due to climate change, the need for home cooling will
only increase in the future. Additionally, reducing reliance on air conditioning could also lower
emissions of harmful refrigerant gases. Therefore, there is much potential for decreasing
greenhouse gas emissions from this sector.

One way to decrease carbon emissions from residential cooling is to simply decrease the amount
of energy spent on cooling, at least until U.S. reliance on fossil fuels decreases dramatically.
Currently, central air conditioning is electrically expensive. Much of this demand comes from
the compressor. As the name implies, the compressor compresses the working refrigerant so that
it can absorb/release heat. If an air conditioning solution removes the need for a compressor, the
system electricity demand will be drastically decreased.

Another way to decrease carbon emissions is by load shifting cooling operation to outside peak
demand times. This requires some background information on grid operation. Figure 2 shows
how electricity demand on the grid changes throughout the day for different regions and seasons.
Note that there is typically a relative peak around the evening when people typically get home
from work. This peak is always higher in July, presumably due to the hotter weather increasing
the need for home cooling. When electricity demand peaks like this, it often surpasses the
capacity of base load plants, as seen in Figure 3. These plants generally run continuously at their
full capacity and can be reliant on either renewable or non-renewable energy sources. To make
up for the rest of the demand, peak plants need to be brought online. These plants typically rely
on fossil fuels and are relatively less efficient than base load plants. Both characteristics stem
from the fact that these plants need to quickly and frequently be brought on/offline.

3

Figure 2: Average hourly electricity load during typical day by region. Figure used without
permission. [10]
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Figure 3: Example representation of base load versus peak load electricity demand

From this information, it is clear that decreasing the need for peak plant operation allows for less
reliance on fossil fuels and consistently more efficient electricity production. That is the purpose
of load shifting. As seen in Figure 4, load shifting involves using electricity outside of the peak
demand periods in order to decrease peak demand. In the domain of home cooling, load shifting
could look like pre-cooling a home before peak demand hours and subsequently shutting off the
HVAC system. Another example would be relying entirely on lower power devices during peak
hours, such as fans or evaporative coolers.

Figure 4: Representation of load shifting electricity use away from peak demand times

Finally, the goal of this project was to not only develop a sustainable home cooling device, but to
also ensure that this device would be accessible to households of any income level. Sustainable
solutions tend to be more expensive than their conventional counterparts, which adds a
5

significant barrier for low-income households to participate in sustainability efforts. In order to
decrease this barrier to entry, strong considerations had to be made with regards to the cost of the
device and its payback period.

Recovering the cost from purchasing the device would come from both decreasing overall
electricity use and load shifting. Many utility companies around the U.S. charge more for
electricity during peak hours. Therefore, load shifting electricity use to outside of these peak
times has economic benefit, on top of environmental benefit.

1.3 PCM Background
Phase change materials, or PCMs, are a class of materials which utilize latent heat storage and
phase change phenomena in order to absorb and/or release heat for cooling and heating
applications.

The utility of latent heat storage resides in its relatively large thermal storage capacity. The large
thermal storage capacity is a result of the material having to undergo a phase change, which
requires far greater amounts of energy than heating or cooling the material (sensible heat
transfer). Specifically, solid-to-liquid phase change phenomena are able to absorb or release
energy roughly 100 times greater on a per unit mass basis than sensible heat transfer.

Two specific thermal properties are important to consider in PCMs: melting temperature and
latent heat of fusion. Melting temperature determines the operable temperature range of the PCM
in its application. The environment in which the PCM operates should cycle above and below its
melting temperature over a period of time, in order to allow for the cyclic storing and releasing
of heat. Latent heat of fusion provides information regarding the thermal storage capacity of the
material per unit mass. A larger heat of fusion equates to more thermal storage for a given mass.
Typically, this value should be maximized.

The way a PCM operates is that if the ambient temperature is above its melting point, the PCM
absorbs energy from its environment, melts in the process, and cools the environment. In this
liquid state the PCM can be considered fully charged with thermal energy. Once the ambient
6

temperature decreases below the melting point, the PCM then begins releasing heat back into the
environment and solidifying in the process. This cycle repeats.

1.4 Design Challenge
Four major design challenges were identified in the project: selecting a PCM, devising a way of
storing/encapsulating the PCM, creating a way of solidifying the PCM should ambient
temperatures fail to fall below the melting point, and creating a generally compact design for
domestic application.

1.4.1 PCM Selection
Identifying and selecting an appropriate PCM involved evaluating not only the thermal
properties of the material, but any safety hazards it may possess, and the ease of procuring said
material. With regards to thermal properties, a material with a comfortable melting temperature
was sought after since the purpose of the device is to provide air conditioning for human-use.
However, the melting temperature of the PCM couldn’t be too low, relative to nightly ambient
air temperatures, since it would exacerbate the solidification requirements. The latent heat of
fusion should be maximized, in context of the other constraints on our selection because a higher
latent heat of fusion would allow for more storage per unit mass of PCM. Furthermore, since the
device is intended for domestic use and was built in-lab by the authors, ensuring the PCM was
non-toxic and safe to work with was another criterion. Lastly, finding a material that was readily
available and affordable was another factor that was considered due to time and monetary
limitations of the project.

1.4.2 PCM Storage
PCM storage entailed designing a containment apparatus in order to house the PCM while
meeting performance guidelines and targets. Three factors influenced and shaped the design
process for the storage subsystem: 1) cleanliness, 2) user-controllability, 3) heat-transfer rate. By
nature, oil and oil products have the tendency to be messy. Messiness is not a problem users
want to endure. Creating an apparatus that encapsulated the PCM and ensured no leakage of the
PCM (while in the liquid state) was important. Granting the user controllability of when the
device operates was the next priority. The PCM will begin melting the very moment the ambient
7

temperature exceeds the melting temperature of the PCM. Since the device is intended to be used
at peak load hours, which typically are from around 6:00pm - 8:00pm, it is highly unlikely for
the device to remain solid until then. To prevent premature melting, the containment apparatus
required adequate insulation from the surroundings; the intention was for the user to be the
deciding factor for the operation of the device as opposed to solely ambient temperatures. The
last consideration for the PCM storage subsystem was heat-transfer rate. By nature, adding
insulation decreases the rate of heat transfer. An optimization was needed between insulation and
heat transfer rate.

1.4.3 Re-Solidification
Solidifying the PCM after it has melted proved to be an additional challenge. Utilizing daily
temperature undulations, cooler night-time temperatures can be used to resolidify the PCM. This
strategy is well-suited for desert-like environments. In the event that night-time temperatures fail
to fall below the melting temperature of the PCM, an additional low energy system was needed
to ensure solidification of the PCM.

1.4.4 Compactness/Mobility
The final design consideration for the product was compactness and mobility. The intended
environment for the device is individual rooms in residential buildings. The user should be able
to transport it around their home where they see fit.

1.5 Literature Review
Phase change materials, or PCMs on their own can encompass a broad range of materials. In the
material science community however, they are classified into three categories: organic,
inorganic, and eutectics.

Organic PCMs embody paraffins, alkanes, and other chains of hydrocarbons. Inorganic PCMs
are largely salt hydrate compounds. A third category exists known as eutectics; this category is
nothing more than a mixture of the two. Between salt hydrates and organic compounds, salt
hydrates have higher latent heat of fusion values. This equates to more thermal storage
capabilities per unit mass. The drawback of salt hydrates is their tendency to supercool, meaning
8

they may cool to temperatures below their melting point, yet still remain liquid [11] Nonpure
paraffins are also susceptible to this. In the application of PCMs, there isn’t a specific category
that is used more than the other. They are made in the lab by researchers or can be bought
commercially, depending on the properties needed.

In the field of PCM-based air conditioning there exist two strategies for cooling: passive cooling
and active cooling. The passive PCM cooling strategy achieves air conditioning of a building’s
interior by natural convective and conductive means. No additional energy is expended in order
to achieve cooling. The most common methods of passive cooling involve macro-encapsulation
of PCM in sheets or creating a hybrid PCM material from existing construction materials and
then implementing the new material into the building envelope (i.e. walls, floors, and ceilings of
a room).

In one numerical study performed, PCM sheets were contained in steel containers and
implemented inside the walls of a living room located in Riga, Latvia during the summer; the
results of the study showed that incorporating PCM in a passive setting provided anywhere from
four to eight degrees Celsius lower internal temperatures than not including PCM. The major
drawback identified was that once the PCM melted, it was unable to solidify in order to continue
absorbing heat during peak hours for subsequent days due to its placement in the envelope and
ambient conditions [12].

Another factor to consider when implementing a passive cooling strategy is the temperature
difference between day and night. For example, the Chilean climate experiences enough of a
difference in temperature where the ambient air temperatures between day and night are
sufficient to provide enough cooling to the PCM to discharge its heat [13]. Note that in this
specific literature, the authors designed a mechanical system that would move the numerous
sheets of PCM to alter the effective surface area of the PCM, thus changing the amount of heat
transfer depending on the conditions. However, the mode of cooling was still passive in nature.

Active cooling is very similar to passive cooling; the main difference being that it requires
additional energy expenditure to facilitate a higher level of heat transfer. Typically, this comes in
the form of fans and pumps. This active approach is incorporated to adequately remove the
9

stored heat during night temperatures. Seeing the limitations of passive cooling when
implemented on a larger scale, it was reasonable to assume that scaling it down would only
exacerbate the shortcomings. An active cooling strategy was pursued.

1.6 Market Survey
Before designing the cooling device, the current market for air cooling was surveyed. This was
done to decide what role the device would fit in the market. First, similar products were
examined. This included a tower fan, evaporative cooler, and window air conditioning unit
(A/C). Based on the cost, cooling ability, power consumption, and size of these products, it was
found that there was a big step up from evaporative coolers to window A/C units. As a result, it
was decided that the coconut oil space cooler could help fill that gap in the current market. Table
1 contains the specifications that informed the design the most, and the full table can be found in
Appendix A. Ideally, the product would be larger and cool more than the evaporative cooler, but
it would also use much less power than an A/C unit. Additionally, the cost should be lower than
a window A/C unit if the device doesn’t cool the air as well.

Table 1: Specifications of similar products in the market
Honeywell
Metric
Floor Area

Units
m2

Honeywell Tower Fan
0.05

Evaporative Cooler
0.09

Window A/C Units
N/A

5.1 (dry)
Total Mass

kg

3.1

15.0 (full)

30.8

Energy Usage

W

36

50

700-1000

Height

m

1.01

0.75

0.34

65

130

360

Price

USD

After deciding what role the device would take on, the next step was to survey potential
consumers. The main audience of the survey was young adults who are just beginning to live on
their own. The survey asked various questions about what temperatures people cool their homes
10

to, how big their rooms are, or what room they care the most about keeping cool. The full results
can be found in Appendix B. 54% of respondents have rooms ranging from 9 to 13 m². Also,
82% prioritize the thermal comfort of their bedroom over other rooms. This information
indicated that the device should be suitable for a bedroom. The results also helped determine the
acceptable ranges for the device’s size and cooling capacity.

Finally, two experts were consulted to determine which areas they saw potential to develop
something new in the market. One expert noted that the device could be designed to help
improve the efficiency of an already installed A/C unit by reducing its cooling load. The other
expert suggested that the device could be used on slightly warm days when running the A/C may
seem unnecessary, but thermal comfort is still needed. This expert made the point that many
homes only have single speed A/C units that either turn on at full power or don’t turn on at all.
This means that if a home only needs to be cooled a little bit, the A/C uses more power than
necessary to cool the air. The full interview notes from these conversations can be found in
Appendix C. With these three sources consulted, the vision of the device had been formed, and
the design specifications were taking shape.

1.7 Specifications
After surveying the market, the specifications for the device were determined to make a device
more powerful than an evaporative cooler, but less than an A/C unit. That already leaves a wide
range of performance, so Table 2 below provides the ideal and marginal specifications for the
device. Each specification was determined based on the information from the market survey.

Table 2: Design specifications determined by market survey
Specification

Ideal

Marginal

Weight [kg]

20

40

Volume [m^3]

0.1

0.4

Floor Space [m^2]

0.1

0.3

11

Noise [dBA]

45

60

Setup Time [mins]

15

30

Operation Time [min]

5

10

Cooling capacity [W]

500

150

Power [W]

75

150

Cost [$]

300

500

5

3

Air flow rate [m^3/min]

The device was designed with these specifications in mind. However, some specifications were
weighed higher than others during the design selection process. As a result, things like the cost
and weight didn’t meet specifications in the interest of meeting the goals for cooling capacity
and setup time.
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Chapter 2: System Overview
The goal was to build a mobile cooling device to be used in a domestic setting. For homes
without central A/C, the device could be the sole source of cooling in the home. It would be a
less expensive alternative for households unable or unwilling to install central A/C. On the other
hand, for homes with central A/C, the device could be used to supplement the HVAC system.
During peak electricity demand hours, this device could be used in place of the central A/C. This
is because the device would use less electricity, so it would decrease carbon footprint and utility
bills. It could be argued that not cooling the home during this time would further decrease these
factors. However, cooling during this period not only contributes to resident comfort, but also
improves HVAC operation and longevity. As discussed with HVAC industry experts (see
Appendix C), HVAC systems require more electricity to work harder to decrease a large
temperature difference. As a result, households may end up not saving energy at all if they
simply turn off their A/C during peak hours. Further, frequently shutting off/on HVAC systems
creates wear and tear that decreases the life span of the system.

The device should require minimal user interaction to cool the air and re-solidify the PCM.
Otherwise, this would be a barrier to market popularity. It would also make the device
inaccessible to busy households. Also, the interaction required should not be excessively
laborious or physically demanding. Depending on the type of interaction, it could also make the
device inaccessible to households with elderly people or people with physical disabilities.

Finally, the device was designed to be mobile and minimize contact with the PCM. The mobility
of the device allows for it to be moved from room to room, depending on where cooling is
needed most. It can also be positioned within that room to blow cool air towards a specific target.
Minimizing contact with PCM was mainly decided to ensure that the device would not create a
mess because of PCM leakage. This leakage would also decrease the lifespan of the device.

2.1 Functional Description
The device was designed to achieve the aforementioned use case. A simplified CAD model of
the device and a schematic of operation are shown in Figure 5 and Figure 6 respectively. The
device makes use of two heat exchangers: an air to water finned heat exchanger and a water to
13

PCM tube-in-tube heat exchanger. The purpose of having two heat exchangers is to gain control
over when the PCM melts/solidifies. If the PCM were directly in contact with the air, it may
change phase at undesirable times. It would be necessary, in that case, to design a reversible
mechanism to isolate the PCM. Instead, a working fluid (water) was implemented as a transport
mechanism of heat between air and PCM. When the water is not running, no heat will be
transferred from air to PCM, controlling operation.

Figure 5: Sectional View of Simplified CAD Model
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Figure 6: Schematic showing the (a) cooling process and (b) re-solidification process

The cooling process works as follows. First, air is brought in through the finned heat exchanger
at the top of the device. This placement was intentional. Hot air rises, so the air at the elevation
of the top of the device would be in the most need of cooling. As the air passes through the
exchanger, it is cooled by the water running through it. The cool air exits the device from the
duct outlet at the bottom. The water running through the heat exchanger absorbs heat from the
air, and delivers it to the PCM when it passes through the tube-in-tube heat exchanger. The
process repeats until the PCM is completely melted.

Solidification is required in order for reuse of the device. The solidification mechanism works as
follows. The user fills a removable water tank with cool tap water. That tap water then absorbs
heat from the melted PCM. This process is continued until complete solidification.

2.2 Overview of Subsystems
In order to achieve the aforementioned functionality, 5 subsystems had to be designed: the PCM
used, the tube-in-tube heat exchanger, the finned heat exchanger, the electronics, and the
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wheeled base. The PCM subsystem design involved selecting a PCM with properties that would
best suit the application. The design of the tube-in-tube heat exchanger involved determining its
shape, dimension, and materials. The finned heat exchanger subsystem required choosing a
proper commercially available exchanger, duct fan, and duct size. The electronics had to be
designed in order to control the entire device with simple user input. Finally, the wheeled base
had to hold the weight of the device (statically and in motion), hold a water tank for the
solidification process, and not impede air/water flow.

During the development of the project, each subsystem was designed individually with the
overall design in mind. After the design of each subsystem, they were integrated with one
another. This required strict project management, which will be discussed in the next section.

2.3 Project Management
Due to the complexity of the project and the number of individual subsystems that needed to be
designed both individually and as a whole, a project timeline was necessary. This timeline
specified exact dates for completion of certain tasks, as well as who would perform those tasks.
This timeline took the form of a Gantt chart, which can be found in Appendix D. The Gantt chart
ensured that all subsystems would be complete by the time that system integration needed to be
completed. It also coordinated parallel task completion, so that the team was making use of time
efficiently.
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Chapter 3: PCM Subsystem Design
The literature review provided candidates for PCMs to be used in the device. In order to
determine which PCM to choose, candidates’ suitability was ranked using the “SMARTS and
SMARTER” method [14]. Finally, experimentation was performed to attempt to make the PCM
candidates from literature even more suited towards the application.

3.1 Selection Criteria
The “SMARTS and SMARTER” method weights a set of criteria based on priority. Each
candidate is then ranked against the others with respect to each of these categories. The criteria
chosen for this application were: safety, ease/cost to procure, melting point, and latent heat
storage capability.
Safety was ranked as the top priority. Experimentation with the PCM was anticipated. Needing
fewer safety measures to mitigate risks makes experimentation easier and more convenient. Also,
the intended domestic use case requires a safe material. Leakage of the PCM from the device is
possible in the case of a break. Also, at this point it was unclear how closely the user would have
to interact with the PCM during operation. If a device is too unsafe, nobody would use it.
Next was to ensure that the PCM would be relatively cheap and easy to get. Based on the
literature review, it was anticipated that a large amount of the PCM would be required to achieve
a satisfactory temperature difference in the air. Choosing an expensive candidate would run the
risk of the project running over budget. Also, accessibility to low income households was a
major goal of this project. Choosing a more expensive PCM would, in turn, make the device
more expensive and less accessible. Finally, priority was given to PCMs that did not require
formulation on behalf of the team. This was to ensure that time and funds could more so be
allocated to design, manufacturing, and testing of the entire device.
The next important criterion was the melting temperature of the PCM. First, the PCM should not
have a melting temperature so low as to require electrically assisted cooling. For example, ice
would have the capacity to cool air to 0°C; however, it would likely require a freezer to solidify
for reuse. This would go against the goal of the project to decrease household electricity use.
Next, as aforementioned, the lowest temperature the ambient air will be able to achieve is
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coming into equilibrium with the PCM at its melting temperature. Therefore, this temperature
needed to be at a room temperature that would be considered comfortable by most people.
In order to determine a comfortable room temperature, the ASHRAE adaptive comfort model
was used [15]. As seen in Figure 7, the range for comfortable room temperatures increases
linearly with the outdoor temperature. The goal was to find a PCM that could provide a
comfortable room temperature for the widest range of outdoor temperatures.

Figure 7: ASHRAE adaptive comfort model. Figure used without permission. [15]

The final criterion was the latent heat storage capability of the PCM. The higher this value, the
more heat the PCM would be able to store. The device would therefore be able to run longer and
take more heat out of the ambient air.
3.2 PCM Candidates
From literature, five potential candidates were considered. First, a popular subject for PCM study
is paraffin wax, due to its high latent heat storage capability of 128.24 kJ/kg and low corrosivity
[16]. The material also does not present any health and safety hazards and is simple to purchase
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[17]. However, in its pure state, it was not appropriate for the device, since its melting
temperature is around 64 ℃.

Next, a PCM synthesized in [18] from Calcium Dichloride, water, Calcium Nitrate Tetrahydrate,
and Strontium Chloride Hexahydrate (nicknamed PCM-Ca) was considered. PCM-Ca has a
phase change temperature of 21.8 ℃ and a latent heat storage capability of 155.5 J/g. These
properties are both attractive for the home cooling application. On top of that, these properties
remain nearly constant with thermal cycling.

Further synthesized PCM properties were compiled in [19]. Specifically, Butyl Stearate and
Dodecanol were considered for this application due to their properties and low risk to safety, as
gathered from [20] and [21]. Butyl Stearate has a melting temperature of 18-23 °C and a latent
heat of fusion of 140 kJ/kg. Dodecanol has a melting temperature of 17.5-23.3 °C and a latent
heat of fusion of 188.8 kJ/kg. Therefore, both materials have potential for this application.

Finally, coconut oil was considered because it melts at about 23.9 °C. As found in [22], coconut
oil has a latent heat of fusion of about 105 J/g, and it remained thermally stable at this value after
200 cycles. A home cooling application is explored in [23], where it was estimated that, in order
to cool a 3 m x 4 m Indonesian living room by 2.0 - 2.5 K in the afternoon, about 135 - 170 kg of
coconut oil must be used. This is based off an experiment only using natural convection,
however. The coconut oil would be able to perform more cooling if undergoing forced
convection.

3.3 PCM Selection
The next step was to determine which candidate was most promising. In order to quantitatively
decide which candidates were best suited for this application, the aforementioned “SMARTS and
SMARTER” method was employed. Each candidate was ranked for each of the 4 important
criteria of safety, ease to procure, melting temperature, and latent heat storage. Their ranking was
then multiplied by the criteria weight, and then these values were summed for each candidate.
The candidate with the lowest score is deemed most suitable. Table 3 provides the details
considered in this process. It was concluded that coconut oil was the best suited material.
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However, paraffin wax was the second most suitable, with its only drawback being that it melts
at 64 °C, which is too high to cool a home. It was decided that experiments would be run to
lower this melting temperature before choosing coconut oil definitively.
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Table 3: PCM Candidates and the “SMARTS and SMARTER” method

Safety
Criteria
Weight
PCM-Ca
[18]
[24][25][26]

Butyl
Stearate
[21][19]

Coconut Oil
[22][27]
Dodecanol
[19][20]
Paraffin
Wax[16][17]

Safety
Rank

Ease to
Procure

5

0.2708
Purchase of
individual
components.
PCM needs
to be
created by
team

0.5208

Strontium
Chloride
Hexahydrate:
Category 1
Eye Damage
May cause
skin, eye,
upper
respiratory
irritation
No safety
hazards
Class 2 Eye
Irritant
No safety
hazards

4

1
3

2

Very
expensive,
may need to
get quote
Easy,
relatively
cheapest
Easy, but
expensive
Easy,
relatively
cheap

Ease
Rank

Melting Melting
Temp
Temp
[°C]
Rank
0.1458

Latent
Heat
Storage
[kJ/kg]
0.0625

Latent
Heat
Storage
Rank
Score

5

21.8

3

156

2

4.5204

4

18.0 23.0

2

140

3

3.6455

4

105

5

1.6873

3

23.9
17.5 23.3

1

189

1

2.5831

2

64.0

5

128

4

2.0414

1
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3.4 Material Testing
Both coconut oil and paraffin wax have properties that hold high potential for a space cooling
device. However, the melting temperature of paraffin needed to be drastically decreased from 64
°C to a comfortable room temperature. In order to achieve this, it was hypothesized that mixing
paraffin wax with olive oil would create a mixture with decreased melting temperature. This is
because the melting temperature of olive oil ranges between -5 °C and 5 °C [28].

To test this hypothesis, a water bath experiment was set up. The bath was a bowl, which was
wrapped in cloth for insulation. Mixture specimens were placed in a glass beaker, then into the
bath. Water temperature started at around room temperature, then boiling water was slowly
added to increase the temperature. At each temperature interval, the temperature was kept
constant for 3 minutes to allow for equilibrium to take place. A K-type thermocouple was used to
measure the temperature of the water. Water was thoroughly mixed before temperature readings
were taken. Due to time and practicality constraints, water temperature was capped at 32.2 ℃. If
the specimen had melting temperatures above 32.2℃, it would not be viable for the device.

Paraffin wax and olive oil mixtures were created with mass ratios (paraffin/olive oil) of 18/14,
45/55, 35/65, and 40/60. Beyond that, it was determined that too much latent heat storage
capability would be lost, since the portion of olive oil would not undergo phase change at room
temperature. The first specimen tested was the one with the highest proportion of olive oil (the
40/60 mixture). No melting was observed throughout the entire duration of the experiment. Since
the other specimens contained more paraffin wax, they would not have melted at the desired
temperature range either. Therefore, a paraffin wax/olive oil mixture was determined to not be
viable for the device.

3.5 Conclusions
The literature review provided potential candidates for the device. These candidates were ranked
by the “SMARTS and SMARTER” method with regard to important design criteria, namely:
safety, ease to procure, melting temperature, and latent heat storage capability. This ranking,
along with experimentation, lead to the conclusion that coconut oil was the best PCM for this
application.
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Chapter 4: PCM Tube-In-Tube Heat Exchanger Design
The PCM storage subsystem was designed for the sole purpose of storing thermal energy from
the environment via latent heat storage. The process which ultimately led to the coiled design of
the final product underwent many iterations with each subsequent iteration building upon the
success of the previous prototype while simultaneously addressing the shortcomings.

4.1 Preliminary Concept and Testing
The initial concept for the product was a direct-airflow over exposed PCM mass. The rationale
behind the idea was to minimize any thermal resistance between the air and PCM. Furthermore,
emphasis was placed on the geometry of the exposed PCM in order to maximize the surface area.
Another defining characteristic of this strategy was that after the PCM melted, it would be the
user’s responsibility to pour the melted PCM into a specific mold and set it outside for
solidification. Then the user would have to grab the solid mold, place it in the device, and run the
device again.

The testing setup was rudimentary at this point. The experimental set-up relied on a consumer
space heater to simulate a hot day, and a duct fan to provide the necessary forced convection as
shown in Figure 8 and Figure 9. Furthermore, a hollow cylinder geometry was chosen during this
stage of the design process due to its high surface area and ease of mold procurement, shown in
Figure 10. After rudimentary preliminary testing it became quickly apparent that the strategy was
too messy and would require too much effort on the part of the user to recreate the PCM
geometry, via mold pouring, after every usage.
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Figure 8: Direct-airflow experimental set-up using space heater and duct fan

Figure 9: Direct-airflow experimental set-up using space heater and duct fan internal view

Figure 10: Hollow Cylinder PCM for direct-airflow method
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4.2 Three-Turn Heat Exchanger
Building upon preliminary concept generation and testing, it became evident by this point that
PCM needed to be encapsulated to ensure cleanliness of the product, reduce the workload of the
user, and to provide some level of control for the user to determine when to operate the device,
as opposed to leaving it to the ambient temperature.

By encapsulating the PCM, direct airflow over the PCM would be ineffective due to the
insulation provided by encapsulation material. In order to circumvent this, the PCM storage
device was designed to become a tube-in-tube heat exchanger with a working fluid. The heat
exchanger incorporated 2.54cm-diameter straight PVC pipe as the outer tube and 1.27cm-innerdiameter type-L copper tubing for the inner pipe. The overall length of the initial heat exchanger
was about 4.5 meters. The heat exchanger can be seen in Figure 11. Water flows through the
copper tubing and acts as the working fluid, transferring heat to and from the PCM. The PCM is
enclosed in between the PVC and copper and does not flow.

Figure 11: Three-Turn tube-in-tube heat exchanger
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4.3 Experimental Results: Three-Turn Heat Exchanger
The experimental setup for the first prototype measured a water inlet temperature and water
outlet temperature. The water inlet was set by the authors at roughly 27 ℃. The water inlet
consisted of a sufficiently large basin so that the cooler outlet water would minimally impact the
temperature of the inlet. Furthermore the authors took constant temperature measurements of the
inlet and would add hot water to it accordingly to maintain a constant temperature. The outlet
temperature measurements were automated and were able to be collected continuously. The
results are shown in Figure 12. The temperature of the outlet increased, unsurprisingly. As the
PCM mass absorbed what heat it could, it melted in the process. Note that the while there was
visual signs of the PCM melting, the amount of PCM was too small to notice an appreciable
difference in the temperature data.

Figure 12: Three-turn heat exchanger water outlet data for a 27 ℃ environment

4.4 Six-Turn Heat Exchanger
The amount of PCM in the first prototype was too small to notice the effect it had in water
temperature data, so additional storage was needed. The second iteration of this design doubled
the length of the heat-exchanger, which effectively doubled the storage capacity. Additionally,
the exposed copper segments of the heat-exchanger were insulated so that no heat would be lost
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through them. This measure was taken to ensure as accurate results as possible. The second
iteration can be seen in Figure 13.

Figure 13: Insulated six-turn heat exchanger

4.5 Experimental Results: Six-Turn Heat Exchanger
At this point in the testing process, automated data acquisition using National Instruments
hardware and LabView software was implemented to continuously gather data. The results from
testing the 6-turn heat exchanger are shown in Figure 14. For the first two hundred seconds an
average temperature difference of about 1.5 ℃ was achieved. Once the oil was fully melted the
temperature difference began to converge. Given that thermocouple error was roughly 0.5 ℃,
testing was concluded once the temperature difference was within that error.
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Figure 14: Six-Turn Tube-in-Tube Heat Exchanger Inlet vs Outlet Temperature Plot

One portion of the plot worth discussion is the initial temperature spike in the water outlet. There
are a combination of factors that could have caused this behavior. Given that the thermocouple
wire was placed directly on the copper, it would take some time for the copper to be warmed up
to the temperature of the water and for the thermocouple to register that change. However, the
copper would be unable to reach equilibrium with the water immediately at the onset because the
copper would immediately begin conducting heat into the coconut oil. Furthermore, there may be
residual water in the pipes, which would cause the temperature to rise at a slower rate as the
cooler residual water would also be warmed up as it flows through.

4.6 Coiled Heat Exchanger
The straight tube design from iteration #2 suffered from lack of storage capacity. The next
iteration would need more PCM mass to meet the target goal of a 1℃ temperature difference.
This additional PCM mass would come in the form of increasing the length of the heatexchanger and the diameter, however it became evident that working with the straight-shaped
tubes would cause additional design challenges when it came to assembling the unit. Since
domestic households were the intended market, the size of the product needed to be as compact
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as possible; this wouldn’t be possible with the straight-tube design. The solution to the
compactness issue was creating a flexible helical coil tube-in-tube heat exchanger, as shown in
Figure 15. The next challenge was sizing the diameter and the length of the coils appropriately so
as to optimize storage capacity and heat transfer rate.

Figure 15: Flexible Coil Tube-in-Tube Heat-Exchanger

4.7 Determining Dimensions
Once the general design of the coils was decided, the dimensions had to be specified. These
dimensions included the outer PVC diameter and the overall length of the coils. Based on ideal
device performance, a finite element method (FEM) simulation was done to determine the
diameter of the coils. Then, the length was determined with analytic calculations.

The diameter of the PVC pipe determines the time until the cross section of the coconut oil is
completely melted. This is because heat must conduct through the melted layer of coconut oil
before reaching the outer layers. The time until complete melt is how long the device is able to
operate. Some utility companies around the U.S. experience peak demand for about 5 hours [29],
so the device would ideally be able to run for this long in order to load shift during this time.

In order to determine the diameter for the coils, the FEM software ABAQUS was used. A model
of a 2D cross section of the coils was generated using the code in Appendix E, and a visual
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representation of the model is shown in Figure 16 . The copper pipe was assumed to have
negligible conduction resistance. The properties of water used in the simulation were found from
[30] and the water flow rate was measured experimentally. See Appendix E for these values. The
convection coefficient from the internal pipe flow was calculated using the Reynolds number, the
first Petukhov equation, and the second Petukhov equation. These relationships are shown in
Equations 1 - 4.
𝑅𝑒 =

𝜌𝑢𝐷
µ

(1)

𝑓 = (.79 ln(𝑅𝑒) − 1.64)−2

(2)

𝑓
( ) (𝑅𝑒 − 1000)𝑃𝑟
8
𝑁𝑢 =
2
𝑓 0.5
1 + 12.7 (8) (𝑃𝑟 3 − 1)

(3)

ℎ=

𝑘𝑁𝑢
𝐷

(4)

Once the model was created, the outer diameter of coconut oil was varied for commonly
available dimensions of PVC, and the water temperature (assumed as the inner copper diameter
temperature) was varied across a range of potential room temperatures. A node was placed at the
outer diameter of the coconut oil, and temperature was monitored there to observe when melting
had completed.
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Figure 16: Visual representation of the FEM model of a 2D cross section of the coils

The results from the simulation can be seen in Figure 17. In order to get a melting time of
roughly 5 hours, the diameter of the PVC coil could either be 3.8 cm or 5.1 cm. A longer melting
time was not chosen because conduction resistance to the outer layers of the coconut oil had to
be minimized while still maintaining operational goals. However, to maximize coconut oil mass,
the larger diameter option (5.1 cm) was chosen.

31

Figure 17: Time until fully melted for varying coil diameters and water inlet temperatures

The length of the coils determined the achievable temperature difference between the air inlet
and outlet. The temperature difference had to be sensible to humans, as well as measurable by
type K thermocouples for testing. However, the mobility of the device had to be ensured.
Keeping these factors in mind, the goal temperature difference in the air was decided to be 1 °C.

A FEM simulation using COMSOL was attempted to model the difference in water temperature
as the length was varied. The model was simplified to a 2D axisymmetric representation of the
pipe. However, the simulation necessarily modeled turbulent flow and phase change, both
complex phenomena. As a result, models with length beyond 1.5 m frequently encountered
convergence errors and took hours to run. This prevented the use of an FEM simulation, and an
analytical approach was used instead.

The analytical method to determine the length of the coils involved Equations 5 and 6:
𝑄 = 𝑚̇𝑎𝑖𝑟 ∗ 𝑐𝑎𝑖𝑟 ∗ 𝛥𝑇𝑎𝑖𝑟
𝑄=

(𝐿𝐻𝐹𝑜𝑖𝑙 ) ∗ 𝐴𝑐 ∗ 𝐿 ∗ 𝜌𝑜𝑖𝑙
𝑡
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(5)
(6)

Equation 5 uses the air flow rate and specific heat to calculate the amount of heat that needs to be
extracted from the air in order to obtain a particular air temperature difference, T. Equation 6
relates this amount of heat to the properties of coconut oil, the mass of coconut oil, and the
amount of time the temperature difference will be maintained. A sample calculation can be found
in Appendix F and Figure 18 shows how air temperature difference maintained for 5 hours varies
with length. Note that this approach provides an optimistic estimate of the temperature
difference, as it does not account for heat transfer resistance. In order to compensate, the length
required to maintain a temperature difference of 2 °C was calculated. The resulting length was
16.5 meters.

Figure 18: Heat Exchanger length vs. air temperature difference maintained for 5 hours
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Chapter 5: Air Heat Exchanger Subsystem
To deliver heat from the ambient air to the water, this subsystem uses a finned tube heat
exchanger and a duct fan. This is an important subsystem because the performance of the finned
heat exchanger can limit the performance of the rest of the system. Additionally, it allows the
device to control when the oil should melt.

5.1 Heat Exchanger Background
Finned tube heat exchangers are commonly used for transferring heat between a liquid and
gaseous fluid. A well-known example is the radiator of a car. It uses incoming air to remove heat
from engine coolant, allowing the coolant to go remove more heat from the engine. In the
coconut oil space cooler, the process works in the reverse. Warm air delivers its heat to the water
to be stored in the device.

When selecting a heat exchanger for this process, the effectiveness-NTU method was used. This
method allows for heat transfer rate and outlet temperatures to be calculated based on inlet
temperatures and fluid flow rates [30]. This was helpful for the early design phase, when it was
uncertain how many degrees the air could be cooled by. Additionally, once a heat exchanger was
selected, the method allowed its overall heat transfer coefficient to be determined
experimentally. With that coefficient, general heat exchanger calculations become more
applicable and easier to use.

5.2 Fan, Pump, and Heat-Exchanger Selection
The liquid-gas finned heat-exchanger, duct fan, and pumps all work together to comprise this
subsystem. The duct fan is responsible for sucking in air from the environment, passing it
through the coils, and then blowing it out of the exit duct. The pumps are responsible for
circulating water through the entire system, both the finned-tube heat exchanger and the PCM
Tube-in-Tube heat exchanger. The finned tube heat-exchanger is responsible for transferring
thermal energy from the ambient air into the working fluid in the system, water. All of these
processes are occurring in parallel to one another.
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The fan used in the system is a 15.25 cm-diameter 33 watt inline duct fan. The finned tube heat
exchanger is a 16-coil-pass exchanger with the following dimensions: 18.62 x 33 x 5.38 cm.

Two pumps connected in series were used to circulate the water through the system. In order to
determine the capabilities of the pumps and find the operating point, the flow rate of water
through the system was measured and in conjunction with the manufacturer provided
specifications for head loss of the pumps, a pump curve and system curve was created, shown in
Figure 19. Note that the head values were adjusted accordingly to accommodate two pumps in
series.

Figure 19: Pump Curve and System Curve

5.3 Water Tank, Bypass Valves, and Solidification
In the event where the ambient temperature is not low enough to solidify the PCM mass over the
course of the night, an alternative method for solidifying was designed. This system required an
alternative path for the water circulation and a removable water tank which the user could
replace and fill with adequate water to facilitate solidification.

The water tank is intended to act as a thermal reservoir. In the event night-time ambient
temperature cooling fails to yield solidification, the water tank will be utilized to add cold water
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to the system. The cold water from the tank will be circulated via the pumps through the PCM
tube-in-tube heat-exchanger. The cold water will absorb heat from the melted PCM, causing it to
solidify in the process. Note, the cold water would come from the tap. It wouldn’t require
additional refrigeration and energy expenditure to chill it.

In the event the water tank has to be utilized to solidify the PCM, it would be counterproductive
to have the water flow through the finned heat exchanger. Doing so would only cause the
ambient temperature to warm the water, reducing its capacity to absorb heat from the melted
PCM. An additional water circulation path was needed for this solidification process. Valves
were implemented into the water path which would divert water away from the finned heatexchanger and bypass it altogether. Water would only circulate through the PCM tube-in-tube
heat exchanger. A schematic diagram of this process is shown in Figure 20. The valves are
operated by an Arduino microcontroller.

Figure 20: Bypass Valve Solidification Schematic
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Chapter 6: System Integration
Once each main subsystem was designed, they had to be integrated together into one device.
This chapter will discuss how the subsystems were powered, supported, and interconnected.
Next will be an overview of how subsystems work together to perform the melting and
solidification processes.

6.1 The Electronics Design
The electronics subsystem was designed with two main objectives: to power all components and
control when each device is powered on. In order to accomplish the goal of keeping the device
mobile, the device is powered from a single wall outlet at 120 VAC. The components used in the
device require a variety of voltages, alternating current (AC), direct current (DC), or USB
connections. As a result, the electronics subsystem involves a few different methods used to
power the components.

6.1.1 Devices Requiring Power
In the entire device, there are four different types of components that need power for operation.
These components are as follows, a duct fan, two pumps, two solenoids, and an Arduino Uno.
Table 4 below shows the specifications and required power for each component.

Table 4: Specifications of each powered component
Component

Quantity AC or DC Voltage [V] Power [W] Connection Type

Duct Fan

1

AC

120

33

Type B

Water Pump

2

DC

12

24

Wired

Solenoid Valve

2

DC

12

5

Wired

Arduino Uno

1

DC

5

0.29

USB Port
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6.1.2 Control Needs
In order to be user friendly, the device needs an easy interface to control which components are
powered depending on what operation mode the device is in. There are three main modes of
operation: cooling, solidifying, and powered off.

When the device is cooling, the fan and pumps need to be powered, and the valves need to direct
water flow to the finned heat exchanger. When the device is solidifying, only the pumps need to
be powered, and the valves need to cut off water flow from the finned heat exchanger. When the
device is powered off, nothing should be powered. These three modes will make it easy for users
to operate the device, and they will be set with the press of a button.

6.1.3 Electronics Design
In order to control and power each component, they needed to be switched on or off with the
press of a button. As a result, the electronics revolve around the use of Arduino relays. These
relays are rated for 10 A at either 250 VAC or 30 VDC, which meets the requirements of each
component. The relays are controlled by the Arduino, and they connect a ‘Common’ port (COM)
to either a ‘Normally Closed’ (NC) or ‘Normally Open’ (NO) port based on the output from the
Arduino. In general, the power supply is connected to COM while the component being powered
is connected to NO. This setup allows for each device to only be powered when the Arduino has
set their output to high.

To power the device, there is a power strip that allows all of the power supplies to be connected
to a wall outlet through one socket. The pumps and valves are connected to a 12 V DC linear
power supply that is capable of providing 60 W of power. This power supply is plugged into the
power strip. The fan is plugged into the power strip with a relay controlling whether the line is
connected to the fan or not. Finally, the Arduino is powered via a USB plug connected to the
power strip. This subsystem allows the whole device to be powered through a single wall outlet,
with each individual component controlled by an Arduino relay. In Figure 21, the wiring
schematic is shown, illustrating how each type of component is powered and controlled.
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Figure 21: Electronics subsystem wiring diagram

6.1.4 Arduino Code
With all the electronics wired, the Arduino code needs to switch each relay on or off based on
button inputs. There are three button inputs, each sets the device into one of its three modes
(cooling, solidifying or powered off). The code uses if statements to turn components on if they
are needed to operate the device in whatever mode it was set to. The system is also compatible
with Blynk, which is an app that allows users to control an Arduino from a phone or computer.
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This makes it even easier to operate the device, since users can control what operation mode it is
in from afar. The code can be found in Appendix G for further reference.

6.2 Base Design
In order to keep the device mobile, a wheeled base was designed to secure the barrel to. There
were three main requirements for the design. First, it needed to have storage space for the
system’s water tank. Second, it needed to have a path for the air duct to blow air to the room.
Finally, it needed to enable users to safely move the device with ease.

6.2.1 Material Selection
The base was designed to be made out of wood to minimize weight, cost, and construction. It is
made out of 2x4 and 4x4 wood planks, 6.3 mm plywood, and a wood cart with four wheels.
These parts were secured together with wood screws to ensure the base was robust and stable.
The plywood thickness was selected to withstand the load of the barrel, which was designed to
weigh up to 50 kg.

6.2.2 The Design and Main Features
The final design can be seen in Figure 22 below. The 4x4 planks (1 and 2) were stacked on top
of each other to provide clearance for the duct and water tank which fit between the two stacks.
The total clearance needed was 16 cm. The top 4x4s (2) were cut to provide a space for the 2x4s
(3) to serve as a cross bar and provide an even surface to support the barrel.
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Figure 22: Exploded view of the wooden base design

The bottom plywood (4) was screwed into a wheeled platform that provided mobility. Finally,
the top plywood (5) has a hole cut into it that allows the duct to come out of the bottom of the
barrel and be pointed outward from between the stacks of 4x4s. The finished platform can be
seen in Figure x with the duct in place. Figure 23 also shows the inlet and outlet tubes of the
water tank leading to where the tank itself would normally rest on the base.

Figure 23: Constructed wooden base
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The finished design provided the needed support and mobility. The device is easy to wheel
around indoors and maintains stability while doing so. This subsystem enables the device to be
placed indoors with the possibility of moving it from room to room, placing it outside, or storing
it during colder months.

6.3 Construction
In order to contain the system, a 206 liter plastic drum was purchased. It was modified to
accommodate the duct and tubing systems. A 15.2 cm diameter hole was cut into the center of
the bottom of the drum for the duct exit. A 5.1 cm diameter hole was cut roughly 3.8 cm to the
side of the center hole for water tubing access to the tank. The bottom of the drum is shown in
Figure 24. On the lid of the drum, a hole was cut to match the air inlet area of the finned heat
exchanger as seen in Figure 25.

Figure 24: Modified drum (bottom)
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Figure 25: Modified drum (lid)

The flexible copper tubing was formed into a coil with a diameter roughly 5 cm smaller than that
of the drum, so that the entire coil subsystem (including the PVC) would fit inside. Then, the
acrylic spacers were secured to the pipe every ½ turn. This was done using plumbing putty
epoxy.

The copper tubing was then coiled inside of the flexible PVC. One end of the coil was capped off
by a modified PVC cap. The modified cap is shown in Figure 26. The cap contains the coconut
oil within the PVC pipe, and the hole drilled in the center of the cap allows for the copper tube to
exit the coils. The hole was cut to match the size of the copper tubing as closely as possible, and
plumbing epoxy was used to seal the connection.
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Figure 26: Modified PVC cap drawing (left) and inserted into assembly (right)

Then, coconut oil was melted and poured into the coils. After this process was complete, the
other end of the coils was capped off. The coils were then inserted into the modified drum, as
seen in Figure 27. A vinyl tube was attached to the outlet of the coils at the bottom of the drum
and fed through the tubing hole. Another tube was also fed through this hole, so it could draw
water from the tank to the pump system. The drum was then screwed onto the wooden base.

Figure 27: Coconut oil coils inserted into modified drum
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The duct was fed through the hole at the bottom of the drum and bent so that the air outlet would
exit through the side of the wooden base. Within the drum, insulation was placed around the duct
and around the outside of the drum, as seen in Figure 28. The insulation prevents any
unintentional contact between hot air and coconut oil, either during the solidification process or
when the device is not operating.

Figure 28: Insulation within and outside of the device

A circular plywood platform was built to house the pumps, fan, and electronics. In order to
maintain a level surface, the platform was suspended by 4 screws to the lid of the drum. The
platform and the items it houses are shown in Figure 29. Finally, vinyl water tubes were used to
connect all of the components, as shown in Figure 30.
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Figure 29: Plywood platform housing pumps, electronics, and fan

Figure 30: Water tubing schematic

6.4 Overview of Melting Process
The goal of the melting process is to deliver heat from the ambient air to the coconut oil. To
absorb heat from the air, the fan draws air across the finned heat exchanger. The heat is delivered
to the water running through the finned heat exchanger. Because heat flows from the air to the
water, the air leaving the exchanger is cooler and the water leaving is warmer. This warmed
water then runs through the coconut oil coils. During this process, heat is transferred from the
water to the coconut oil. Because of this, the coconut oil melts and the water leaving the coils is
cooler, ‘resetting’ it so that it can absorb more heat from the air. This process is continued until
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the entirety of the coconut oil is melted. This process was illustrated in Figure 6a. Note that the
water tank serves no purpose during the melting process. It acts as an extension of the tubing
system. Its purpose becomes clear during the solidification process.

6.5 Overview of Solidification Process
In order to reuse the device, the coconut oil needs to be solidified after a melting cycle. The goal
was to make use of naturally occurring cold air or water. This choice decreases the electricity
necessary to operate the device. Two cooling processes were designed in a way to make use of
diurnal temperature fluctuation and soil insulation.

One method to solidify the coconut oil is to simply remove the outer insulation layer and leave
the device outside. This works for climates where day and night temperatures consistently
fluctuate between above and below 23.9 °C, respectively. This method uses no electricity and
requires minimal involvement from the user. For this reason, it is the preferred solidification
method if temperature fluctuation allows.

The other method involves pumping cool tap water through the coconut oil. Tap water is not
artificially chilled; the water reaches thermal equilibrium with the ground because it is typically
delivered to the building with underground pipes. Because of the insulation property of soil, the
temperature of the ground is less than that of the surface.

This method requires users to remove the water already present in the system and replace it with
cool tap water. This is the purpose of the water tank at the base of the device. Cold water is
pumped from the tank directly to the coconut oil coils, bypassing the finned heat exchanger. The
reason for bypassing the finned heat exchanger is to minimize contact between the cool water
and warmer atmospheric air. In the coils, the cool water absorbs heat from the coconut oil,
solidifying it. The water is then recycled through the system until solidification is complete. This
process is shown in Figure 31. Throughout this process, the only electricity required is used to
power the pumps and solenoid valves, specifically 58 Watts.
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Figure 31: Simplified overview schematic of coconut oil solidification process

6.6 Conclusions
In summary, the integration of all of the subsystems facilitates melting and solidification of the
coconut oil. The system was constructed and, mechanically, it worked as intended. The next step
was to test how well the thermal performance of the device.
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Chapter 7: Results and Analysis
After successfully constructing the device, its performance was tested in its two modes of
operation. Due to the nature of PCMs the device is only usable when a room is warmer than the
melting temperature of the PCM. As a result, the tests could only be performed on days that had
temperatures well over 23.9 °C. This limited the opportunities for testing the device, but it did
provide repeatable results from the experiments that were run.

7.1 Test Setup
The goal of testing the device was to determine how much heat transfer was occurring. In order
to do this, the device was placed in Santa Clara University’s solar house which can be seen in
Figure 32. The solar house was selected because it resembles the type of environment the device
would be used in as a product. It gets warm during sunny days, and the air conditioning could be
shut off to avoid any external factors in the experiments.

Figure 32: Front view of Santa Clara University's solar house

Within the solar house, there is a small office that the device was placed in to further isolate the
testing environment. Air flow was limited going in or out of the office. The device also had more
insulation wrapped around the outside to limit heat from melting the oil before it started
operation. The room’s setup can be seen in Figure 33.
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Figure 33: Solar house office test setup

The experiment was set up to automatically collect data for the entire duration. A National
Instruments 9219 Compact DAQ had Type K thermocouples connected to it, measuring
temperatures every four seconds, and storing the data using LabView. The LabView .vi used to
collect the data can be found in Appendix H. This setup allowed for data collection for the
extended time periods required by experimentation.

The error of this system is dominated by the thermocouples. Type K thermocouples have a rated
uncertainty of +/- 2.2 °C [31]. To determine the total uncertainty experimentally, each
thermocouple was placed in an ice bath, with an expected temperature of 0 °C. With this method,
the system’s uncertainty was more in the range of +/- 0.5 °C. The reason for the difference in
these two results is likely that the uncertainty is smaller at the lower temperature ranges that were
the focus of these experiments. Type K thermocouples are rated for a temperature range of -270
°C to 1260 °C, but in the range of 0 °C to 30 °C, the uncertainty was determined to be smaller
experimentally.
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The goal of the experiments was to determine the heat transfer occurring within the system, so
measuring temperature differences between inlets and outlets was most important. As it is shown
in Figure 34, the thermocouples were placed at the air inlet and air outlet. In later experiments,
the temperature difference of the water was measured as well. With this setup, the experiments
were set to be run for hours at a time with no human interference.

Figure 34: Experimental setup diagram

7.2 Melting Test Results
With the test setup in place, three trials were run over the course of the quarter. Each trial was
run within the hours of 2 PM to 4 PM to take advantage of the hottest hours of the day. The first
trial was run for two hours on April 7, 2022, with the outdoor temperature ranging from 32.2 °C
to 34.4 °C. The results of this experiment can be seen in Figure 35. This figure contains a plot of
the temperature difference between the air inlet and outlet. In order to make the results appear
clearer, the temperature difference was plotted as a 20-point moving average. As the figure
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shows, the temperature difference begins by increasing to a peak. After the peak it decreases and
approaches a steady temperature difference around 0.5 °C.

Figure 35: Air temperature difference vs. time, Trial 1, 20-point moving average

After observing the fall off in temperature difference after an hour, the following two trials were
only run for an hour. Trial 2 was run on May 4, 2022, with outdoor temperatures ranging from
28.3 °C to 29.4 °C. Trial 3 was run on May 24, 2022, with outdoor temperatures around 33.3 °C.
The three trials are plotted together in Figure 36, but only for an hour.
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Figure 36: Air temperature difference vs. time, Trials 1-3, 20-point moving average

All three trials demonstrate the same behavior of reaching a peak before decreasing to a
somewhat steady temperature difference. This isn’t as true for trial 2, as it approaches a 0 °C
temperature difference towards the end of the hour. This is likely because the outdoor
temperature that day was the lowest of the three trials.

7.3 Melting Heat Transfer Analysis
As previously stated, it is important to consider the temperature difference of a fluid to determine
how much heat transfer is occurring. Equation 5 shows a common relationship used for heat
exchanger analysis. This relates the heat transfer rate to the mass flow rate, specific heat, and
temperature difference of a fluid in a heat exchanger.

With Equation 5 in mind, the average heat transfer rate can be found by using the average
temperature difference for each trial. In Table 5, the average temperature difference was found
for various intervals to determine how effective the device was at different run times.
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Table 5: Average temperature difference [°C] at various intervals
Run Time [min]

20

30

40

60

Trial 1

1.3

1.1

1.0

0.9

Trial 2

1.4

1.1

0.9

0.7

Trial 3

1.2

1.0

0.9

0.8

Average

1.3

1.1

0.9

0.8

With the known specific heat of air (1.003 kJ/kg-K), known density of air (1.225 kg/ m3),
measured flow rate of air through the duct (0.059 m3/s), and average temperature differences, the
average heat transfer rate can be found for each interval with Equation 5. These values are shown
in Table 6.

Table 6: Average heat transfer rate [W] at various intervals
Run Time [min]

20

30

40

60

Trial 1

94

80

72

65

Trial 2

101

80

65

51

Trial 3

87

72

65

58

Average

94

77

67

58

These results are promising, but they don’t meet the specifications the device was designed for.
Considering that the device was designed to maintain a 1 °C difference for up to 5 hours, these
results show that the device can only do so for 30 to 40 minutes. The trends seen in Figure 36
were expected, but the steady temperature difference was anticipated to be around 1 °C rather
than 0.5 °C or less.
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The reason for the fall off in the temperature difference is the melted oil has poor conduction
from the inner layers to the remaining solid outer layers. The heat transfer rate is high at first
because the water delivers heat to the oil right against the copper in the coil heat exchanger. That
initial layer of oil melts, insulating the outer solid layers from the water’s heat. This effect was
predicted while performing the simulations, but it wasn’t expected to be this drastic.

If there were higher conduction from the copper to the outer layers of oil, the overall heat
transfer rate would stay at a higher level and provide cooling more along the lines of what the
device was designed for. This is known because the total heat transferred into the system during
the trials can be calculated. At an average heat transfer rate of 58 Watts for an hour, the device
would store about 210 kJ of heat from the air. The device contains about 22 kg of coconut oil,
and with a latent heat of fusion of about 105 kJ/kg, the device can theoretically store up to 2.3
MJ of heat. Therefore, these experimental trials only melted about 10% of the oil in an hour.

For a device that was designed to fully melt in 5 hours, about 20% of the oil should have melted
in the first hour, so the performance of the device ended up being about half of what the
simulations predicted it to be. Again, a primary cause of this is the conduction through melted oil
being lower than what was assumed for the simulation. There are many ways to increase
conduction that could be implemented in the future, but these will be discussed in a later chapter.

7.4 Solidification Test Results
The solidification process was also tested with the goal of determining the heat transfer rate. To
do this, the water tank was filled with cold tap water, and the valves bypassed the finned heat
exchanger. This allowed cold water to circulate through the coils and remove the heat that was
stored there. The results from this experiment can be found in Figure 37. The behavior is similar
to the melting experiments, but the fluid being measured is water at the inlet and outlet of the
coils.

55

Figure 37: Water temperature difference vs. time, Solidification test, 20-point moving average

The water reaches a steady temperature difference of about 0.3 °C, which is lower than the air
temperature difference. However, since the water’s mass flow rate and specific heat are different
from the air, Equation 5 will be used again to determine the heat transfer rate.

7.5 Solidification Heat Transfer Analysis
To use Equation 5 for the water, the known specific heat (4.182 kJ/kg-K), known density (998
kg/m3), and measured flow rate (56 mL/s) will be used. The results of the experiment gave an
average temperature difference of 0.5 °C over the 50 minute test. These values give an average
heat transfer rate of 160 W. This is more than double the heat transfer rate during melting. The
main takeaway from this is that users only need to run the device in solidification mode for about
half the time it was run in cooling mode.

7.6 Energy Analysis
With the system’s cooling and solidification performance in mind, it is also important to consider
the power consumed by the device. As mentioned in Chapter 6, the power of each electronic
component is known, so the power needed during each operation mode can be determined. When
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cooling the air, the device uses the pumps, fan, valves, and Arduino. The total power of cooling
mode comes out to be 91 W. When solidifying the oil, the device uses the pumps, valves, and
Arduino. The total power of solidification mode comes out to be 58 W. Both operations are less
than the specification for power consumption decided on when designing the device, which was
150 W. As a result, the device can cool a room at a reasonable power level when compared to
other options in the market.
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Chapter 8: Non-Technical Analysis
With the cooling performance of the device understood, it is necessary to see how the device
would fit within a real-world context. This would be intended to be a product, which means
economic, safety, sustainability, and other practical considerations must be considered. As a
product, it would need to make sense for someone to purchase it, be safe and easy to use, and
manufacturable. This chapter will be taking a further look into these categories.

8.1 Cost Analysis
A major area of concern for consumers is the cost of a product. However, this device provides a
unique opportunity for consumers to save money on their electricity bill and receive a return on
investment from this product. Since the device was most effective during the first hour of
operation, the proposed use scenario for the device is to run it for an hour during peak electricity
times each day during the hot summer months. Using the device this way would allow a user to
receive low power cooling in their room while the cost of running central A/C is high.

Since the device was designed with the San Francisco Bay Area in mind, the cost analysis was
performed considering Pacific Gas & Electric’s (PG&E) electricity pricing. Other areas were
also examined which can be found in Appendix I. Through PG&E’s time of use plan, electricity
currently costs $0.47/kWh during peak times (5-8 PM) and $0.34/kWh during off peak times
[32]. With that pricing, the cost of cooling air with the device for an hour during peak times then
solidifying the oil off peak was found to be $0.05. Then, the cost of running central A/C for an
hour was found to be $1.65, with the assumption that it consumes about 3500 W of power [33].
The difference of using the device for just a day is $1.60, which is significant savings. While the
device can’t cool an entire home, it can still provide a level of comfort for about an hour, and it
will save $1.60 in the process.

Looking at the long-term savings, the monthly savings of the device were compared to the
original investment in the device. To do this analysis, an $750 estimate of the prototype cost was
used. This cost could be reduced in the future by streamlining manufacturing. The original
investment was assumed to grow at a rate of 8% annually, and the monthly savings were added
up to find the point in time that the savings outperform the original investment. Figure 38 shows
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this trend, and it was found that in the fifth summer of using the device, consumers would make
their money back and start saving on their electricity bill for free.

Figure 38: Electricity savings compared to the performance of the original investment

While this is a long-term investment, it provides a big opportunity for savings and could be
affordable for lower income households. The device should be marketable and able to be a
successful product, but it is also important to make the savings accessible to all groups of people.
Better savings could be achieved by simply not using A/C, but this device provides a middle
ground where consumers can still receive some level of comfort while also saving themselves
money in the long run.

8.2 Social Considerations
Sustainability behaviors are not accessible to many people for economic reasons. Many people
do not have enough time or money to invest in the devices or habits to uphold a sustainable
lifestyle. Therefore, they are barred from the environmental and monetary benefits that these
devices bring. It is for this reason that this device was created with affordability and saving
money in mind. The goal was to make it accessible to low income households.
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As discussed in the Economic Considerations section, the device has a payback period of 5
summers when used in the Bay Area. Note that this was calculated using the cost of the
prototype, which is more expensive than a bulk manufactured product. Also note that this is the
payback period for if households only use the device one hour per day during summer months.
Therefore, for more routine use and a cheaper product, the payback period will be even shorter.
Once the payback period has been surpassed, households will be saving money on their utility
bills for free. This is an exciting benefit for any home, but is a particularly big deal for low
income households.

Policy makers and utility companies could further increase the monetary benefits accrued from
using sustainable devices, such as this one. In this case, widening the gap between on-peak and
off-peak pricing would lead to greater savings as a result of load shifting. This would incentivize
more people to partake in these sustainable behaviors.

8.3 Safety Considerations
The safety of the user is of the utmost priority when designing any device. However, safety is
even more crucial when designing for the residential sector. This is because people will not be
formally trained to use the device and there may be children/pets coming into contact with the
device as well. That is why design choices were taken to minimize the risk from hazardous
parts.

First, coconut oil was selected as the PCM, in large part, due to its safety benefits. It is classified
as having no physical or health hazards [27]. During normal operation, the user should never
come into contact with the PCM. However, if the device breaks, liquid PCM may leak out of the
container. Therefore, it was important that it be as benign as possible.

Next, the fan blades had to be considered. Having exposed fan blades would create the risk of
body parts, clothing, or other objects getting caught in them. This would cause damage to the
entity getting stuck in the fan, as well as to the fan itself. That is why the fan is placed within the
device, with the finned heat exchanger placed above it. The grate of the heat exchanger prevents
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objects from accidentally getting caught in the fan. The risk generated from the fan blades is
decreased to almost zero because of this design choice.

Another hazard was the proximity of water to electronic parts. If there is a water leak, it could
come into contact with the electronics and cause a short circuit. This risk is decreased in two
ways. The first is that all of the electronic parts are located on the plywood platform at the top of
the device. They sit above the tubing junctions between the pumps and the coils, the solenoid
valves, and the open tubes leading to the tank. Any leaks in this region would not reach the
electronics. The other safety measure is that all tubing junctions are secured either with hose
clamps or with push-to-connect brass fittings. Therefore, the electronics have decreased risk of
coming into water from tubing both above and below the platform.

Finally, the selected insulation is fireproof. Therefore, in the case of an electrical spark, there are
no materials within the device that would easily ignite. The risk of fire is also decreased due to
the aforementioned design decisions.

Overall, the design of the device mitigates risks. The device is safe for domestic use during
typical operating conditions. An overview of safety risks presented by the device and prototyping
process can be found in Appendix J.

8.4 Environmental and Sustainability Considerations
This project was driven by the notion of sustainability. The goal was to decrease and load shift
electricity use in order to decrease carbon emission. This was motivated by the need to combat
climate change, which is highly correlated to carbon dioxide concentration in the atmosphere.
Climate change affects many aspects of life on earth, ranging from weather to coastlines.
Slowing climate change will make the world more sustainable for generations to come.

More specifically, designating the source of the coconut oil is an important aspect to consider
when looking at sustainability. In the future, coconut oil could be sourced from regions where
coconut palm trees are indigenous. The environmental implications of removing local flora for
invasive palm trees would be avoided in this case. It is also important that the coconut oil is not
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sourced from palm tree farms that demand an excess of local resources. Harvesting from
naturally occurring coconut palm trees should be the main priority, before resorting to farmed
trees. This will ensure that local sustainability is not affected. Following these principles will
lead to a protection of the palm trees native ecosystems and others around the world.

8.5 Ethical Considerations
Deciding how to source the coconut oil also creates ethical concerns. It must be ensured that the
people harvesting the coconuts and manufacturing the coconut oil are given fair payment for
their work and resources. Thus, the coconut oil must be fair trade. This will provide the means
and incentive to provide a healthy, sustainable work environment for those delivering the
coconut oil.

8.6 Manufacturability Considerations
Overall, the device is relatively easy to manufacture. The process could be streamlined by an
assembly line, with the aid of machines to lift heavy parts (ie. the filled coconut oil coils). The
largest manufacturing challenge comes from inserting the copper tubing and spacers into the
flexible PVC.

During construction of the prototype, the copper tube was purchased pre-coiled. It had to be kept
in relatively the same shape because deforming the tubing increases its hardness. Therefore, the
copper tubing had to be coiled to the appropriate size and subsequently inserted into a pre-coiled
PVC pipe. This was challenging. In order to make this process easier, the copper tube and PVC
would initially be straight. Then the copper tube and the spacers would be inserted. Finally, the
entire assembly could be coiled to the appropriate length by a machine. This would greatly
decrease the labor required to put together the coils.
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Chapter 9: Summary and Conclusions
As a culmination of an entire school year of work, the coconut oil space cooler is capable of
transferring heat from the air to coconut oil, effectively storing it for later times of day. This
process has the potential to help reduce overall energy consumption and shift energy usage to off
peak hours. The device in its current state has plenty of room for improvement, but the design
process has made progress towards finding solutions for the original problem and motivation of
this project. The strengths and weaknesses of the design will be evaluated here to help others
learn from this project or develop it further in the future. It also provided countless opportunities
to learn important lessons for any engineer.

9.1 Evaluation of Design
The design was successful in providing a mobile, low power cooling device for households. It
can provide an average temperature difference of 1 °C for almost 40 minutes. It consumes a
fraction of the power that central A/C does. The system is also easy for consumers to interact
with by changing modes of operation with only the press of a button and switching out a water
tank. These were some of the main goals for our device to achieve at the start of the year.

The design can be improved most significantly in its cooling performance. The original goal was
at least 150 W of heat transfer going into the device, but it ended up being an average of about
60 W for an hour of operation. The best way to improve the device would be to optimize the heat
exchanger designs to maximize the heat transfer rate without needing to increase the power the
device consumes. In the HVAC world, Equation 7 is commonly used to determine a system’s
Coefficient of Performance (COP).
𝐶𝑂𝑃 =

𝑄
𝑊

(7)

The COP of a system indicates the ratio of heat transfer to the work (W) it takes to provide a heat
transfer rate (Q). At first, this device has a COP greater than one, but as time goes on and the air
temperature difference decreases, the COP drops to below one. Needing more work than the heat
transfer rate provided is not an efficient way to cool a room. This is why the best improvement
for the device would be to increase Q while maintaining the same W. There are a few ways to do
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so with very minor design changes that could be implemented in any future iterations of the
device.

9.2 Future Work
This project laid a solid foundation for creating a product like this, but there are a few key
optimizations to make that would make it even more appealing. The first and easiest change
would be to use a different PCM. Coconut oil was chosen primarily for its safety, cost, and
availability. Those qualities are important for a senior design project, but for a product, a PCM
with better physical properties would be much more fitting. Most of the other choices considered
had higher latent heats of fusion and lower melting temperatures. Increasing the latent heat of
fusion would immediately increase the storage potential of the device as well as the heat transfer
rate since it would take more heat to melt the inner layer that caused the conduction issues in the
current design. Lowering the melting temperature would also increase the heat transfer rate
because the temperature difference would be higher between the solid and liquid PCM, driving
more conduction heat transfer between the two. Both of these changes would address the major
flaw in the current design.

On the other hand, lowering the melting temperature too much would require additional energy
expenditure to resolidify the PCM. Also, there is the risk of the PCM melting from the
environmental heat rather than the heat delivered by the device. This would remove the
controllability of the device. Therefore, it is important to find a good balance in the melting
temperature to optimize the heat transfer.
Another optimization that wouldn’t require any major changes in the design would be to increase
the length of the coils. This would increase the surface area of the tube-in-tube heat exchanger,
increasing heat transfer. Along with this change, the diameter of the coils could be decreased to
maintain the same volume of PCM in the device. This change would also help address the
conduction issue because there would be less unutilized PCM at the outer diameter of the coils.

A final optimization would require a significant design change. Preliminary research into the
conduction issue revealed that by adding fins to the outside of the copper tube in the coils would
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considerably improve the heat transfer rate to the PCM [34]. The conductive fins would give heat
a path to the outer layers of the PCM, reducing the distance it needs to conduct through melted
PCM.

The conduction through the melted oil was the limiting factor of the whole device, so that issue
is the main focus of the areas for improvement. There are also other ways to improve heat
transfer like using more powerful pumps to increase the flow rate, but those changes may
increase the power consumed by the device. The first priority in optimizing the device should be
increasing Q while maintaining the same W to improve the overall COP.

A greater shift in the product specifications that would allow greater freedom in design would be
to transition away from a mobile design. PCMs naturally require a lot of mass to store large
amounts of energy, so the design of this device had a constant conflict between improving
cooling and keeping the device mobile. By allowing the device to be stationary, it could be
scaled up to perform even more cooling.

9.3 What was Learned
After three quarters of research, design, construction, and testing, this project has provided
countless opportunities for learning. The biggest lesson that few other courses have attempted to
teach was project management skills. Through coordinating with a team, dividing up work,
communicating results and ideas with each other, and coming to decisions as a group, the project
reinforced many life skills that will be valuable moving forward. On top of that, the project
taught how to meet deadlines and report progress to advisors or professors.

This project also taught how to connect theoretical work to real world applications. After having
opportunities to use equations, properties, and concepts learned in the classroom, the process of
doing so will be much easier in the future after practicing the skill.

Finally, an important lesson learned was to know what one doesn’t know. The project required
knowledge beyond what was learned in some courses, which requires further independent
research to understand the concept. This process is important because there will always be new
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concepts to learn. These lessons have been valuable and are useful to any engineer throughout
their career.
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Appendix A: Similar Product Specifications
The following table contains the specifications for the products that the coconut oil space cooler
was being compared to. These specifications informed the design choices for the cooler

Table A1: Specifications for similar products in the market
Honeywell

Window

Metric

Units

Honeywell Tower Fan

Evaporative Cooler

A/C Units

Floor Area

in2

80

133.4

NA

Noise

dB

41

47

48

11.2 (dry)
Total Mass

lb

6.81

33 (full)

67.9

Energy Usage

W

36

50

700-1000

Installation Time

minutes ~5

<1

~60-120

Replacement

hours

NA

4+

NA

Height

in

39.8

29.6

13.46

Price

USD

Frequency of
Material

Other features

NA

65

130

360

Shut-Off Timer; Remote;

Remote Control;

Oscillates; Power Settings;

Honeycomb Cooling

Works

Remote Control

Medium

with Alexa
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Appendix B: Consumer Survey Results
These are the results of a Google Form survey promoted via Instagram stories. The main
audience were young adults beginning to live on their own. There were 137 responses.

Figure B1: Question 1 results

Figure B2: Question 2 results
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Figure B3: Question 3 results

Figure B4: Question 4 results
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Figure B5: Question 5 results

Figure B6: Question 6 results
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Figure B7: Question 7 results
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Appendix C: Field Expert Interviews
This appendix contains notes from the interviews with two HVAC field experts.
Interviewee: Kelly Smith, Estimator at Lincoln Heating and Air
Interviewer: Hannah Covington
Date: 19 October, 2021
Location: Over the Phone

Q: What behavior/hardware makes your A/C more efficient?
A: Instead of turning the A/C off when you leave your home, turn the cooling setpoint
up. This way, you are saving energy by not cooling your home all the way and you are
not creating a large difference between your desired and actual home temperature.
Making up a large temperature difference requires much electricity usage from the A/C.
Because of this, you may not be saving energy at all if you turn your A/C all the way off.

As far as A/C construction goes, having vents in the ceiling instead of the floor benefits
cooling, since cool air sinks. However, this construction significantly negatively impacts
heating the home. Having vents in the ceiling negatively impacts heating more than
having floor vents negatively impacts cooling. Also, having a variable speed A/C allows
for it to adjust its energy usage based on the temperature difference it needs to make up,
saving energy.

Q: What is a common reason people are resistant to change to more efficient central
A/C?
A: Mainly, the upfront cost of installation. But people also get stuck in their ways of
doing things. For example, they’ve always used a swamp cooler, so they want to continue
using a swamp cooler.

Q: Would an external cooling device help take load off of the A/C and help save energy?
A: You shouldn't need anything additional if your A/C is working perfectly efficiently.
At that point, you’re just burning up more energy with that extra device. However,
having a fan can help circulate air flow and aid the A/C.
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Interviewee: Mike Donley, President of Donley HVAC and Plumbing:
Interviewer: Alex Fessler
Date: 19 October, 2021
Location: Over the Phone

Q: What advice do you give to customers looking to improve their A/C efficiency
A: The most important factor is that you “seal the envelope” of your home. A/C systems
these days are pretty efficient, so the biggest waste of energy comes from poor insulation,
outdated windows, non-sealed doors, etc. System wise, for a long time, single speed
inverter compressors were the standard for homes. These are designed to be able to cool
your house at a high temperature, so if it is just a warm (not hot) day, it is
overcompensating and wasting energy. There are newer models that have variable speeds
that are much more efficient (but more expensive).

Q: How often do A/C systems need maintenance?
A: They need their coils cleaned in order to remain efficient. Changing the filters is
important as well because dirty filters lead to dirty coils.

Q: Is running the A/C during peak hours more taxing on the system?
A: There are diminishing returns when you stop running your A/C during peak hours.
Your house will warm up because it isn’t running, so whenever you turn the A/C on later,
it is working extra hard to cool down the house. The energy usage/system work seems to
balance out. Super cooling your home in the morning can work if you have a very sealed
home, but in warmer climates or with older homes it is usually unfeasible.
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Appendix D: Gantt Chart

Figure D1: Gantt chart of project progress
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Appendix E: Properties and Code for Abaqus Simulation
Properties Used
Table 7: Water and flow properties used in the Abaqus simulation
Description

Value

Units

Water Flow Rate

.797

m/s

Dynamic Viscosity

7.98e-4

kg/m/s

Copper Pipe Inner Diameter

1.27

cm

Density Water

996

kg/m3

Prandtl Number Water

5.42

-

Code
#Modeling 2D Disk Section of Coconut Oil/Water Tube-in-Tube Heat Exchanger
#Created by Hannah Covington
#January 2022

# Importing Packages ====================================================
from part import *
from material import *
from section import *
from assembly import *
from step import *
from interaction import *
from load import *
from mesh import *
from optimization import *
from job import *
from sketch import *
from visualization import *
from connectorBehavior import *

#Input Variables =======================================================
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innerRadius = .00795 # inner coconut oil disk radius[m]
outerRadius = .0318 #outer coconut oil disk radius[m]
initialCOTemp = 21 #initial temperature of coconut oil [C]
waterTemp = 24.5 #temperature of water at this section of pipe[C]
h = 4320 #convective heat transfer coefficient between water and coconut oil[W/m2K]
#====================================================================

# Creating Part =========================================================
mdb.models['Model-1'].ConstrainedSketch(name='__profile__', sheetSize=1.0)
mdb.models['Model-1'].sketches['__profile__'].CircleByCenterPerimeter(center=(
0.0, 0.0), point1=(0.0, outerRadius))
mdb.models['Model-1'].sketches['__profile__'].CircleByCenterPerimeter(center=(
0.0, 0.0), point1=(0.0, innerRadius))
mdb.models['Model-1'].Part(dimensionality=TWO_D_PLANAR, name='coconutoil',
type=DEFORMABLE_BODY)
mdb.models['Model-1'].parts['coconutoil'].BaseShell(sketch=
mdb.models['Model-1'].sketches['__profile__'])
del mdb.models['Model-1'].sketches['__profile__']
mdb.models['Model-1'].parts['coconutoil'].DatumPlaneByPrincipalPlane(offset=0.0
, principalPlane=XZPLANE)
mdb.models['Model-1'].parts['coconutoil'].PartitionFaceByDatumPlane(datumPlane=
mdb.models['Model-1'].parts['coconutoil'].datums[2], faces=
mdb.models['Model-1'].parts['coconutoil'].faces.getSequenceFromMask((
'[#1 ]', ), ))
#===================================================================

#Creating Coconut Oil Material ============================================
mdb.models['Model-1'].Material(name='CoconutOil')
mdb.models['Model-1'].materials['CoconutOil'].Density(table=((880.0, 0.0), (
880.0, 22.0), (806.0, 26.0), (806.0, 200.0)), temperatureDependency=ON)
mdb.models['Model-1'].materials['CoconutOil'].Conductivity(table=((0.21, 10.0),
(0.23, 15.0), (0.37, 20.0), (0.16, 25.0), (0.15, 80.0)),
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temperatureDependency=ON)
mdb.models['Model-1'].materials['CoconutOil'].LatentHeat(table=((70000.0, 23.85,
23.9), ))
mdb.models['Model-1'].materials['CoconutOil'].SpecificHeat(table=((2350.0,
0.0), (2350.0, 22.0), (3230.0, 26.0), (3230.0, 200.0)),
temperatureDependency=ON)
#====================================================================

#Creating Section and Assigning Section =======================================
mdb.models['Model-1'].HomogeneousSolidSection(material='CoconutOil', name=
'coconutOil', thickness=None)
mdb.models['Model-1'].parts['coconutoil'].Set(faces=
mdb.models['Model-1'].parts['coconutoil'].faces.getSequenceFromMask((
'[#3 ]', ), ), name='Set-1')
mdb.models['Model-1'].parts['coconutoil'].SectionAssignment(offset=0.0,
offsetField='', offsetType=MIDDLE_SURFACE, region=
mdb.models['Model-1'].parts['coconutoil'].sets['Set-1'], sectionName=
'coconutOil', thicknessAssignment=FROM_SECTION)
mdb.models['Model-1'].rootAssembly.DatumCsysByDefault(CARTESIAN)
#====================================================================

#Creating Instance of Part ==================================================
mdb.models['Model-1'].rootAssembly.Instance(dependent=ON, name='coconutoil-1',
part=mdb.models['Model-1'].parts['coconutoil'])
#====================================================================
#Creating Inner Diameter Surface ============================================
mdb.models['Model-1'].parts['coconutoil'].Surface(name='innerDiameter',
side1Edges=
mdb.models['Model-1'].parts['coconutoil'].edges.getSequenceFromMask((
'[#38 ]', ), ))
mdb.models['Model-1'].rootAssembly.regenerate()
#====================================================================
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#Creating Transient Heat Transfer Step ========================================
mdb.models['Model-1'].HeatTransferStep(deltmx=0.5, initialInc=.01, maxInc=1000.0
, maxNumInc=90000, minInc=0.001, name='heatTransfer', previous='Initial',
timePeriod=6000)
#====================================================================

#Creating Convective Heat Transfer Load from Water =============================
mdb.models['Model-1'].FilmCondition(createStepName='heatTransfer', definition=
EMBEDDED_COEFF, filmCoeff=h, filmCoeffAmplitude='', name='water',
sinkAmplitude='', sinkDistributionType=UNIFORM, sinkFieldName='',
sinkTemperature=waterTemp, surface=
mdb.models['Model-1'].rootAssembly.instances['coconutoil-1'].surfaces['innerDiameter'])
#====================================================================

#Meshing =============================================================
mdb.models['Model-1'].parts['coconutoil'].setElementType(elemTypes=(ElemType(
elemCode=DC2D4, elemLibrary=STANDARD), ElemType(elemCode=DC2D3,
elemLibrary=STANDARD)), regions=(
mdb.models['Model-1'].parts['coconutoil'].faces.getSequenceFromMask((
'[#3 ]', ), ), ))
mdb.models['Model-1'].parts['coconutoil'].setMeshControls(algorithm=MEDIAL_AXIS
, elemShape=QUAD, regions=
mdb.models['Model-1'].parts['coconutoil'].faces.getSequenceFromMask((
'[#3 ]', ), ))
mdb.models['Model-1'].parts['coconutoil'].seedPart(deviationFactor=0.1,
minSizeFactor=0.1, size=.0005)
mdb.models['Model-1'].parts['coconutoil'].generateMesh()
mdb.models['Model-1'].rootAssembly.regenerate()
#====================================================================

# Creating Node Sets =====================================================
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mdb.models['Model-1'].parts['coconutoil'].Set(name='allNodes', nodes=
mdb.models['Model-1'].parts['coconutoil'].nodes.getSequenceFromMask(mask=(
'[#ffffffff:114 #ffffff ]', ), ))
mdb.models['Model-1'].parts['coconutoil'].Set(name='probeNode', nodes=
mdb.models['Model-1'].parts['coconutoil'].nodes.getSequenceFromMask(mask=(
'[#8 ]', ), ))
mdb.models['Model-1'].rootAssembly.regenerate()
#====================================================================

#Assigning Initial Temperature of Coconut Oil ===================================
mdb.models['Model-1'].Temperature(createStepName='Initial',
crossSectionDistribution=CONSTANT_THROUGH_THICKNESS, distributionType=
UNIFORM, magnitudes=(initialCOTemp, ), name='initialTemp', region=
mdb.models['Model-1'].rootAssembly.instances['coconutoil-1'].sets['allNodes'])
#====================================================================

#Creating History Output Request ============================================
mdb.models['Model-1'].HistoryOutputRequest(createStepName='heatTransfer', name=
'probeTemp', rebar=EXCLUDE, region=
mdb.models['Model-1'].rootAssembly.allInstances['coconutoil-1'].sets['probeNode']
, sectionPoints=DEFAULT, variables=('NT', ))
#====================================================================

#Create and Submit the Job =================================================
mdb.Job(atTime=None, contactPrint=OFF, description='', echoPrint=OFF,
explicitPrecision=SINGLE, getMemoryFromAnalysis=True, historyPrint=OFF,
memory=90, memoryUnits=PERCENTAGE, model='Model-1', modelPrint=OFF,
multiprocessingMode=DEFAULT, name='HX', nodalOutputPrecision=
SINGLE, numCpus=1, numGPUs=0, queue=None, resultsFormat=ODB, scratch='',
type=ANALYSIS, userSubroutine='', waitHours=0, waitMinutes=0)
mdb.jobs['HX'].submit(consistencyChecking=OFF)
#====================================================================
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Appendix F: Sample Calculation for Determining Length of Coils

Figure F1: Spreadsheet calculation determining dT from length of coil heat exchanger
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Appendix G: Arduino Code
//set up variables for each pin
int valve = 12;
int pump1 = 11;
int pump2 = 10;
int fan = 9;
int cool = 8;
int solidify = 7;
int power = 6;
//set the inputs and outputs, start each device powered off
void setup(){
pinMode(valve,OUTPUT);
pinMode(pump1,OUTPUT);
pinMode(pump2,OUTPUT);
pinMode(fan,OUTPUT);
pinMode(cool,INPUT);
pinMode(solidify,INPUT);
pinMode(power,INPUT);
digitalWrite(pump1,LOW);
digitalWrite(pump2,LOW);
digitalWrite(fan,LOW);
digitalWrite(valve,LOW);
}
//read if any buttons are pressed to enter the corresponding operation mode
void loop(){
if(digitalRead(cool) == HIGH){
CoolingMode();
}
if(digitalRead(solidify) == HIGH){
SolidifyingMode();
}
if(digitalRead(power) == HIGH){
Shutdown();
}
}
//cooling: turn on pumps, fan, and send water to HX
void CoolingMode(){
digitalWrite(pump1,HIGH);
digitalWrite(pump2,HIGH);
digitalWrite(fan,HIGH);
digitalWrite(valve,LOW);
}
//solidifying: turn on pumps, bypass HX, turn off fan
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void SolidifyingMode(){
digitalWrite(pump1,HIGH);
digitalWrite(pump2,HIGH);
digitalWrite(fan,LOW);
digitalWrite(valve,HIGH);
}
//shutdown: turn off everything
void Shutdown(){
digitalWrite(pump1,LOW);
digitalWrite(pump2,LOW);
digitalWrite(fan,LOW);
digitalWrite(valve,LOW);
}
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Appendix H: Data Collection LabView .vi

Figure H1: LabView program used to collect thermocouple data
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Figure H2: LabView DAQ configuration used to collect data
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Appendix I: Cost Analysis Calculations and Equations
The following figures showcase the excel sheets used to perform the cost analysis. Figure Z 3
uses the known power consumption of A/C and the PCM cooler to determine how much it would
cost to run each for an hour during peak times. The PCM cooler cost also incorporates half an
hour of running the device in solidification mode during off peak times.

Figure I1: Calculated costs of operating the PCM cooler and central A/C through PG&E

To calculate monthly savings, the daily savings were multiplied by 30. In order to track the value
of the original investment, Equation (I1) was used.
A = P·(1+r)n

(I1)

This equation gives the value of the investment (A) based on the principal (P), the interest rate
(r, monthly), and the number of months passed (n). The same equation was used to determine the
value of the savings in further months. An interest rate of 8% annually was used.

The same process was used to determine the savings of operating the device in Phoenix and
Northern Nevada. The calculations are shown in Figure Z4.
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Figure I2: Calculated savings of using the PCM cooler in Phoenix and N. Nevada

It was found that the payback period in Phoenix was 50 months, and the payback period in N.
Nevada was 60 months.
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Appendix J: Safety Forms
The following list is from the safety forms required by the School of Engineering. These were
completed in Fall Quarter to prepare the team for working around hazards.

HAZARDOUS CONDITIONS/PROCESSES/ACTIVITIES
Electrical Hazards

Mechanical Hazards

☐Electrical parts and
assemblies > 50V or high
current
☐Batteries
☐Control Panels

☒Power tools and equipment
☒ Machine guarding/power transmission –
gears, rotors, wheels, shafts, belt/chain drives,
rotating parts, pinch points
☐Robotics
☐Sharp Objects
☐ Stored Energy (springs, gravity, pneumatic,
hydraulic, pressure)

Reaction Hazards

Hazardous Processes
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Physical
Hazards
☒ Extreme
temps (high
temp fluids:
water > 160 °F,
steam, hot
surfaces > 140
°F, cryogenic
fluids
☐ Material
handling of
heavy objects
☐ Elevated
heights
(scaffolding,
ladders, roofs,
lifts, etc.)
☐ Overhead
falling objects
(cranes, hoists,
drones,
projectiles,
etc.)
☐ Confined
Spaces
☐Airborne
Dusts
☐Bonding /
Grounding
☐Electrostatic
Discharge
Other Hazards

☐Explosive
☐Exothermic, with
potential for fire,
excessive heat, or
runaway reaction
☐Endothermic, with
potential for freezing
solvents decreased
solubility or
heterogeneous mixtures
☐Gases Produced
☐Hazardous reaction
intermediates/products
☐Hazardous side
reactions

☐Generation of air contaminants (gases,
aerosols, or particulates)
☐Heating Chemicals
☐Large mass or volume
☐Pressure > Atmospheric
☐Pressure < Atmospheric
☐Scale-up of Reaction
☒Metal Fabrication (welding, cutting, drilling,
etc.), Soldering,
☐Construction/Assembly, etc.

☐Noise > 80
dBA
☐Vehicle
traffic
☐Hazardous
waste
generation
☐Other (list):

HAZARDOUS AGENTS
Physical Hazards Of
Chemicals
☐Compressed Gases
☐Cryogens
☐Explosives
☐Flammables
☐Oxidizers
☐Peroxides or Peroxides
Formers
☐Pyrophorics
☐Water Reactives

Health Hazards of
Chemicals
☒Acute Toxicity
☐Carcinogens
☐Nanomaterials
☐Reproductive Toxins
☐Respiratory or Skin
Sensitization
☐Simple Asphyxiant
☒Skin Corrosion/
Irritation
☐Hazards Not
Otherwise Classified

Non-Ionizing
Radiation
☐Lasers
☐Magnetic Fields
(e.g. NMR)
☐RF/Microwaves
☐UV Lamps

Biohazards
☐Bsl-2
Biological
Agents
☐rDNA
☐Human
Cells, Blood,
BBP
☐Animal
Work

☐Other (List):
Hazardous Activity, Process, Condition, or Agent (identified from
previous page): Power Tools and Equipment
Summary of Procedure or Tasks:
Power tools (eg. Lathe, hand drills, band saws) will be needed to
fabricate parts for and assemble the cooler
Describe Hazards (why is the procedure hazardous or what can go
wrong – what is the risk):
Bodily harm by improper use of tools or flying debris
Hazard Control Measures (what you will do to eliminate the hazard or
minimize risks):
Ensure proper training of tools. Not use tools alone. Eliminate
distractions when using tools. Where proper protective equipment
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(eg. Eye protection). Only use tools how they are meant to be used. If
injury occurs, cut off power to the tool if it is safe to do so. Call
911/campus safety/Cowell center depending on severity of injury.
Administer first aid as appropriate. In the case of debris in eyes, use
an eyewash station to rinse the eyes and await further instruction.
Report the incident to advisor.
Hazardous Activity, Process, Condition, or Agent (identified from
previous page): Rotating Parts
Summary of Procedure or Tasks:
Fan blades rotate quickly to increase convective heat transfer
Describe Hazards (why is the procedure hazardous or what can go
wrong – what is the risk):
Bodily harm by getting body parts/hair/clothing stuck in fan blades
Hazard Control Measures (what you will do to eliminate the hazard or
minimize risks):
Tie back hair. Avoid loose clothing. Remove jewelry. Avoid working on
the fan/parts close to the fan while the fan is running. Cut off power
to fans if work needs to be done on/near them. If an incident occurs,
immediately disconnect power to the fans. If possible and safe,
remove caught person/property from the fan. Administer first aid as
appropriate. Call 911/campus safety/Cowell center depending on
severity of injury. Report the incident to advisor.
Hazardous Activity, Process, Condition, or Agent (identified from
previous page): Extreme Temps
Summary of Procedure or Tasks:
While experimenting with PCM candidates (to figure out melting
temperatures and latent heat storage capability), hot water (up to
100C) and a hot plate (up to 82C) will be used to melt and mold PCM.
Describe Hazards (why is the procedure hazardous or what can go
wrong – what is the risk):
Burns from touching hot surfaces/liquids. Fire hazard.
Hazard Control Measures (what you will do to eliminate the hazard or
minimize risks):
Only increase temperature to necessary level for experiment. Use
protective gear when handling hot materials (ie. Thermal gloves).
Remove tripping hazards. Communicate when heating is being used
with teammates/lab mates. Leave notes communicating if necessary.
Keep outer surface of containers dry to avoid dropping. Remove all
flammable materials from vicinity of heating equipment. If a burn
does occur, run the burned area under cool water. Turn off heat
sources if safe and leave area if hot liquid has been spilled. Call
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911/campus safety/Cowell center depending on severity of injury.
Report the incident to advisor.
Hazardous Activity, Process, Condition, or Agent (identified from
previous page): Metal Fabrication
Summary of Procedure or Tasks:
Pipes, metal sheets, brackets, etc. will need to be cut to build the
PCM container, heat exchanger, and outer casing of the cooler for
both experimental and final phases of project.
Describe Hazards (why is the procedure hazardous or what can go
wrong – what is the risk):
Bodily harm from misuse of tools, touching rough metal, and flying
debris. Burns from soldering. Potential lead poisoning from solder.
Hazard Control Measures (what you will do to eliminate the hazard or
minimize risks):
Proper training in all tools. Wear proper protection (eg. Eye
protection) where applicable. Tie back hair, avoid loose clothing,
remove dangly jewelry. Remove all distractions from work zone. Do
not use solder containing lead. If injury occurs, cut off power to the
tool if it is safe to do so. Call 911/campus safety/Cowell center
depending on severity of injury. Administer first aid as appropriate. In
the case of debris in eyes, use an eyewash station to rinse the eyes
and await further instruction. Report the incident to advisor.
Hazardous Activity, Process, Condition, or Agent (identified from
previous page): Acute Toxicity
Summary of Procedure or Tasks:
Plumbing epoxy (JB WaterWeld) will be used to seal pipe
connections.
Describe Hazards (why is the procedure hazardous or what can go
wrong – what is the risk):
If epoxy is consumed, bodily harm may ensue.
Hazard Control Measures (what you will do to eliminate the hazard or
minimize risks):
SDS sheet for this product has been collected. Communicate toxicity
to teammates/lab mates. Use in an isolated area. Use gloves when
using epoxy and discard gloves when finished. Thoroughly wash
hands/surfaces/items that come into contact with the epoxy. If
ingestion occurs, call poison control and Cowell center. If person who
ingested is awake, give person small quantities of water to drink. Do
not induce vomiting unless directed by medical personnel. If reaction
to epoxy is severe, call 911 and campus safety. Report incident to lab
advisor.
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Hazardous Activity, Process, Condition, or Agent (identified from
previous page): Skin Corrosion/Irritation
Summary of Procedure or Tasks:
Plumbing epoxy (JB WaterWeld) will be used to seal pipe
connections.
Describe Hazards (why is the procedure hazardous or what can go
wrong – what is the risk):
If material not handled correctly, may cause skin
corrosion/irritation/breathing irritation
Hazard Control Measures (what you will do to eliminate the hazard or
minimize risks):
SDS sheet for this product has been collected. Communicate toxicity
to teammates/lab mates. Use gloves and safety glasses when
handling. Use under a fume hood. Thoroughly wash surfaces/items
that come into contact with material. Discard used gloves. If skin
contact occurs, wash with plenty of soap and water for at least 10
minutes. If eye contact occurs, flush eyes with water for 10 minutes
and remove contact lenses. If inhalation occurs, bring person to fresh
air. Call Cowell center/911/Campus safety if reaction is severe for any
of these cases. Report incident to lab advisor.
Hazardous Activity, Process, Condition, or Agent (identified from
previous page): Soldering
Summary of Procedure or Tasks:
Copper pipes will be soldered to make sealed connections between
pipes. The pipe will have flux applied, be heated with a blow torch,
then have the solder applied to the joint. Then the pipe will sit to cool
and seal the joint.
Describe Hazards (why is the procedure hazardous or what can go
wrong – what is the risk):
Soldering the pipe requires use of a blow torch to heat the pipe. This
is a fire hazard. There are also fumes
Hazard Control Measures (what you will do to eliminate the hazard or
minimize risks):
The soldering will be performed with the Physics Shop Manager Gary
Sloan to ensure safety. The soldering area will be cleared of any other
items that could catch on fire. The user will wear heat resistant
gloves, safety glasses, and a mask. The area will have a burn blanket
laid down to protect the work area from the flame. There will also be
a fire extinguisher on hand to put out any fires that may occur. This
will all be done near a fume hood to remove any harmful vapors.
SAFETY EQUIPMENT and PPE
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Select the appropriate PPE and safety supplies you will need for the
project (Check all that apply)
☒ Appropriate street clothing (long pants, closed-toed shoes)
☒ Gloves; indicate type: _Heat Resistant, Latex
☒ Safety glasses/ goggles
☐ Face shield and goggles
☐ Lab coat
☐ Hearing protection
☒ Fire extinguisher
☒ Eyewash/safety shower
☐ Spill kit
☒ Other (list): Fume hood, heat blanket
TRAINING REQUIREMENTS
Identify the appropriate training (check all that apply)
☐ Biology & Bioengineering Lab Safety Camino Course – contact Lab
Manager or EHS to enroll
☐Chemistry & Biochemistry Lab Safety Camino Course – contact Lab
Manager or EHS to enroll
☒ Electrical Safety for Engineering Camino Course – contact EHS to
enroll
☐ LiPo Battery Safety Training – contact MAKER Lab to enroll
☒ Review of SDS for chemicals involved in project – access SDS library
at: rms.unlv.edu/msds/
☒ Laboratory Specific Training – contact Lab/Shop Owner
☐ Project Specific Training – contact Project Advisor
☐ Other (describe below):
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